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bstract
A reactive powder of La0.84Sr0.16MnO3 is synthesized as a cathode material for solid oxide fuel cells by a citrate–nitrate auto-ignition process and
haracterized by thermal analysis, X-ray diffraction and electrical conductivity measurements. The effect of starting metal ion concentration in the
recursor solution on the properties of the final oxide is studied and correlated through particle size analyses, sintering studies and microstructural
xamination. Sintered La0.84Sr0.16MnO3 ceramics of relative density around 93% can be fabricated by preferably keeping the metal ion concentration
n the precursor to less than 0.8 M, whereas to make porous ceramics (relative densities of 75–80%) a higher metal ion concentration is preferred. At
000 ◦C, the 93% dense ceramics exhibit electrical conductivities of around 168–169 S cm−1 and the porous ceramics of around 136–146 S cm−1.
2006 Elsevier B.V. All rights reserved.
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. Introduction
High-temperature solid oxide fuel cells (SOFCs) are being
dvanced as power sources with negligible pollution. The units
rovide many advantages over traditional thermomechanical
ystems such as high efficiency, reliability, fuel flexibility, a
ear-zero level of particulate emissions and very low levels of
Ox and SOx emissions. A SOFC essentially consists of two
orous solid electrodes (the cathode and the anode) separated
y a dense oxide ion-conducting electrolyte. In the conventional
igh-temperature SOFC, yttria stabilized zirconia (YSZ) is used
s the electrolyte, Ni–YSZ cermet as the anode and Sr-doped
anthanum manganite (La1−xSrxMnO3) as the cathode material
1–4].
The perovskite LaMnO3 exhibits p-type conductivity and its
lectronic conductivity increases by doping with aliovalent ions
n either the La or Mn sites. Divalent ions such as Sr, Ca, Ba, Ni
r Mg have been incorporated into LaMnO3 lattice [1]. Among
he doped manganites investigated, Sr-doped LaMnO3 are the
ost interesting compounds for SOFC applications. Sr-doping
nhances the electronic conductivity of LaMnO3 by the forma-
∗ Corresponding author. Tel.: +91 33 2483 8082; fax: +91 33 2473 0957.
E-mail address: psujathadevi@cgcri.res.in (P.S. Devi).
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ion of Mn4+ for charge compensation as follows:
aMnO3
SrO−→La1−x3+Srx2+Mn1−x3+Mnx4+O3 (1)
hereas electronic conductivity of LaMnO3 increases with
ncrease in the Sr-doping level, undesirable phase forma-
ion usually occurs during processing and fabrication when
he Sr-concentration is high. Hence, the Sr-concentration of
OFC cathode materials is usually restricted to 10–20 mol%
1–5]. It has been established by several research groups that
mong the various Sr-doped LaMnO3 compositions studied,
a0.84Sr0.16MnO3 (LSM) – in addition to exhibiting high elec-
ronic conductivity – is chemically stable, inert against stabi-
ized zirconia and adheres well to the electrolyte during thermal
ycling [1–7]. The electrochemical characteristics of LSM cath-
de layers depend largely on the microscopic features of the
riple-point boundaries (TPB), i.e., the point at which the elec-
rolyte, the cathode and the gas meets, which in turn depend on
he starting precursor powder characteristics such as the size,
hape and distribution of the constituent particles.
A modified citrate process, known as the auto-ignition pro-
ess, has been developed in our laboratory to prepare multi-
omponent oxide ceramics that include superconducting oxides
nd LaMnO3 based oxides [8–12]. This process was later
xtended for the synthesis and large-scale production of other
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ulti-component oxides [13–15]. Briefly, in this process, a pre-
ursor solution consisting of metal nitrates and citric acid was
llowed to polymerize completely to form a gel that is then
ubjected to auto-ignition in the same container to form fine
owders. By this process, Sr-doped lanthanum manganite com-
ounds, La1−xSrxMnO3, where x varies up to 0.5, were prepared
nd characterized for SOFC applications [10,11]. Nevertheless,
he above studies were performed with keeping a fixed metal
on concentration in the precursor solution. Various other tech-
iques such as, solid state, drip pyrolysis, sol–gel and citrate
el processes are currently available for the preparation of LSM
owder samples [6,10–12,16–24]. To our knowledge, there have
een no reports of studies of the effect of starting metal ion con-
entration on the powder characteristics and sintering behaviour
f these potentially important oxides. Considering the impor-
ance of La0.84Sr0.16MnO3 as a potential cathode material for
OFC fabrication, efforts were undertaken to vary the initial
etal ion concentration in the citrate–nitrate precursor solution
nd to study the effect on the particle size and the sintering char-
cteristics of the derived powders.
. Experimental
Chemicals: Lanthanum nitrate hexahydrate (Indian Rare
arth Ltd. Mumbai, India 99.9%), strontium nitrate (SD Fine
hem. Ltd., Mumbai, India, 99%), manganese(II) acetate
etrahydrate (E-Merck India Ltd., Mumbai, India, 99.5%) and
itric acid monohydrate (Merck Limited, Mumbai, India, 99.5%)
ere used for sample preparation.
.1. Synthesis of La0.84Sr0.16MnO3 (hereafter LSM) by
itrate–nitrate auto-ignition process
Aqueous solutions of lanthanum nitrate and strontium nitrate
ere mixed in a stoichiometric ratio of La:Sr = 0.84:0.16 in a
l beaker and stirred continuously with a magnetic stirrer. A
alculated amount of solid manganese acetate tetrahydrate was
dded to the mixed solution of metallic (lanthanum and stron-
ium) nitrates to give molar ratio of (La + Sr):Mn equal to unity.
o the mixed solution, a calculated amount of citric acid mono-
ydrate was added slowly to maintain a citrate to nitrate ratio
C:N) of 0.75. The mixed solution was allowed to evaporate on a
ot plate (200 ± 5 ◦C) with stirring. When the solution became
ufficiently viscous, stirring was stopped but the heating was
ontinued. The homogeneously mixed solution turned into a gel
uring heating. The gel slowly foamed, swelled and finally burnt
n its own. Once ignited at any point, the ignition slowly propa-
d
c
able 1
etails of different batches of La0.84Sr0.16MnO3
atch number Molarity of metal nitrates
(La and Sr) used (M)
Total metal ion
concentration (M)
SM1 0.2 0.40
SM2 0.5 0.83
SM3 0.7 1.07
SM4 1.0 1.33Sources 161 (2006) 79–86
ated forward until the whole sample was fully burnt to produce
black coloured powder. This auto-ignition process was com-
leted within a few seconds to a few minutes depending on the
tarting molar concentration of the metal ions. The product of
he auto-ignition process was calcined at elevated temperatures
o remove unburnt carbonaceous material and to form a stable
ixed-oxide phase. The designations of the various batches pre-
ared and the conditions followed are given in Table 1.
.2. Physicochemical characterization
Thermogravimetric analysis (TGA) and differential thermal
nalysis (DTA) of the citrate–nitrate gel were carried out on a
ETZSCH STA 409C (Germany) instrument at a heating rate
f 20 ◦C per min. Phase identification of the as-prepared pow-
er and powder calcined at 750 or 900 ◦C was confirmed from
-ray powder diffraction (XRD) data collected at a scan rate of
◦ per min on a Philips PW 3207 (Holland) diffractometer with
u K radiation. The morphology of the synthesized powders
as examined by scanning electron microscopy (SEM) using
Leo 430i (UK) scanning electron microscope. The calcined
owders (both 750 ◦C 10 h−1 and 900 ◦C 4 h−1) were ball-milled
n an acetone medium for 3.5 h to reduce the particle agglom-
ration. The particle size was analysed with a Micromerities
edigraph 5100 unit (U.S.A). The powders were dry-pressed
nto dimensions of 15 mm × 5 mm × 2 mm at 6.89 MPa pressure
sing uniaxial pressing. Sintering studies were conducted on
hese pressed bars within a temperature range of 1200–1350 ◦C
n air for 4 h. The density of the sintered bar was measured by
eans of the Archimedes principle using white kerosene (den-
ity 0.7775 g cm−3 at room temperature) as a liquid.
.3. Electrical characterization
The d.c. electrical conductivity of the highly dense samples
as measured up to 1000 ◦C by a four-probe technique using a
P 3458A multimeter. Electrodes were applied to the samples
sing pure platinum wire and platinum paste (Gwent Electron-
cs, Pontypool, U.K.).
. Results and discussion
.1. Effect of precursor concentration on thermal
ecomposition characteristics of gel and ash samples
The DTA and TGA of the gel samples of La0.84Sr0.16MnO3
omposition prepared from varied metal ion concentrations and
Citrate/metal
nitrate (C:N) ratio
DTA peak
temperature (◦C)
Enthalpy change
(J g−1)
0.75 186.71 194.57
0.75 186.12 476.45
0.75 178.60 286.45
0.75 136.0 514.47
A. Kumar et al. / Journal of Power Sources 161 (2006) 79–86 81
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fixed C:N ratio of 0.75 are given in Figs. 1 and 2, respectively.
rrespective of the metal ion concentration, all the gel sam-
les exhibit strong exothermic peaks between 135 and 190 ◦C,
hich indicates a single-step decomposition of the gels (Fig. 1).
he corresponding TGA plots (Fig. 2) are also indicative of a
harp, single-step, decomposition nature. It is evident that the
ecomposition peak (the peak temperature of ignition) shifts
o a lower temperature with increase in the molar concentra-
ion of the starting solution. This effect is more apparent at
oncentrations above 0.8 M. In addition, the burning temper-
ture (ignition temperature) of the gel remains almost same
p to a metal ion concentration of 0.83 M, beyond which a
ecrease in decomposition temperature is observed. The energy
hange associated with this decomposition reaction increases
rom 194.57 to 476.45 J g−1 for an increase in metal ion con-
entration from 0.4 to 0.83 M. The enthalpy change does not
ollow a systematic trend with increase in the metal ion concen-
ration, as revealed by the data given in Table 1. The precursor gel
ormed from the highly concentrated solution (LSM4), exhibits
he highest enthalpy change and the lowest ignition tempera-
ure. LSM3 undergoes only a negligible weight loss (1.9%) after
he single-step decomposition compared with LSM2 and LSM1
12.9%). On the other hand, LSM4 shows a 17% weight loss
ollowing the single-step decomposition step. This is probably
ue to the low ignition temperature that is exhibited by the cor-
Fig. 2. Thermogravimetric analysis (TGA) data of LSM gels samples.
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esponding gel samples. As reported earlier [10–12], this type
f a single-step decomposition with a very sharp and intense
xotherm indicates a self-propagating combustion process. This
an be considered as a thermally induced, anionic redox reaction
hich occurs within the gel and results in complete decomposi-
ion of the organics. So far, the effect of only the citrate to nitrate
C:N) ratio on the auto-ignition reaction has been established for
arious systems. Through these experiments, it has been found
hat, in addition to this ratio, the concentration of the cations in
he precursor solution play a significant role in controlling the
gnition temperature and the enthalpy of the reaction.
The TGA plots of the as-burnt ash samples in air are given in
ig. 3. There is a very slow weight loss up to 400 ◦C and then
gradual weight loss. This is probably due to the presence of
n-burnt carbon and carbonates that have remained in the ash
ollowing the auto-ignition reaction. The ash sample of LSM1
uffers the greatest weight loss, viz., around 15%, whereas
SM3 exhibits only 7% weight loss. No definite correlation is
bserved between the concentration of the metal ions and the
eight loss. The observed weight loss within 800–950 ◦C may
e due to the decomposition of unburnt carbonates, the pres-
nce of which has yet to be confirmed by XRD. The unexpected
ecomposition characteristics of the LSM3 sample still require
xplanation.
.2. Effect of precursor concentration and temperature on
hase formation
Powder X-ray diffraction data of the as-burnt uncalcined ash
amples are presented in Fig. 4. The diffraction data of LSM1
nd LSM2 mainly show an amorphous X-ray pattern with indica-
ions of the nucleation of a crystalline phase as evident from the
resence of a single reflection at around 2θ = 32.8◦. This reflec-
ion corresponds to the 〈1 1 0〉 reflection of the perovskite phase.
n addition, the presence of minor amounts of SrCO3 is also evi-
ent in the XRD patterns of the LSM1 sample. The diffraction
ata of the LSM3 and LSM4 ash samples, on the other hand,
ndicate the formation of a single-phase material even in the ash
tage itself, with the LSM4 sample displaying all the reflections
f a perovskite phase. The direct formation of a perovskite phase
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uring the auto-ignition of these gels is in all probability due to
he greater extent of compositional homogeneity of the precur-
or solution and the sufficient amount of in situ heat generated
rom the exothermic reaction of nitrates and citrates promoting
rystallization. It is apparent that due to the intimate contact of
he homogeneously distributed metal ions in the gel matrix, the
rystalline phase has formed at a considerable rate during the
xothermic burning of higher molar concentration gels.
The ash powders were calcined in air at three different temper-
tures, viz., 750 ◦C 4 h−1, 750 ◦C 10 h−1 and 900 ◦C 4 h−1. The
iffraction data of the 750 ◦C 4 h−1 calcined sample indicate the
ormation of pseudo cubic La0.84Sr0.16MnO3 as the major phase
ith minor amounts of SrCO3 as a secondary phase (Fig. 5). The
1 1 1〉 and 〈0 2 1〉 reflections of SrCO3, which correspond to 100
nd 70% intensities, respectively, are clearly seen in the XRD
atterns of all the samples. There is a reduction in the inten-
ity of the SrCO3 peak with increase in molar concentration of
he starting solution (i.e., from LSM1 to LSM4), which sug-
ests that with increase in the starting precursor concentration
ore and more strontium ions becomes dissolved in the struc-
ure. It may be noted that there were no indications of SrCO3 in
he uncalcined ash samples, except for the LSM1 sample. Pro-
onged heating at 750 ◦C (10 h) results in the complete removal
f SrCO3 peaks, as evident from Fig. 6. A structural change
rom orthorhombic (pseudo-cubic) to rhombohedral symmetry
s evident in the XRD patterns of the 900 ◦C calcined samples,
s indicated by the splitting of the reflections (Fig. 7) in the
Fig. 5. XRD patterns of 750 ◦C 4 h−1 calcined LSM samples.
d
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pig. 7. XRD patterns of 900 ◦C 4 h−1 calcined LSM samples revealing change
f symmetry.
RD pattern. A complete transformation to rhombohedral sym-
etry is confirmed by the XRD patterns of the 1250 ◦C sintered
amples (Fig. 8).
.3. Effect of precursor concentration on particle size and
istributionSince the X-ray patterns indicate the formation of fully
eacted, single-phase materials both at 750 and 900 ◦C, the parti-
le size distributions of the 750 ◦C 10 h−1 and 900 ◦C 4 h−1 pow-
ig. 8. XRD patterns of 1250 ◦C 4 h−1 sintered LSM samples revealing a com-
lete transformation to rhombohedral symmetry.
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les: (a) percent mass finer distribution; (b) mass frequency distribution.
er samples were compared and are represented in Figs. 9(a) and
0(a), respectively. The corresponding mass frequency graphs
re shown in Figs. 9(b) and 10(b). As expected, an increase
n particle size (average agglomerate size) with increase in the
oncentration of the metal ions is evident in the 750 ◦C 10 h−1
alcined samples (Fig. 9(a)). The average agglomerate size
ncreases from 3.98 to 13.74m with increase in the metal
on concentration. Except for the LSM1 powder, the others dis-
lay a bimodal distribution of particles with distinctly separated
anges of particles (Fig. 9b). At higher calcination tempera-
ures, the degree of agglomeration indicates a reverse trend with
SM1 having more agglomeration than the others. The LSM3
ample indicates a decreased particle agglomeration at higher
alcination temperature with an average agglomerate size of
nly 5.7m, compared with 17.7m for the LSM1 sample
Fig. 10(a)). In addition, LSM3 has a unimodal distribution of
articles in contrast to the other samples. SEM micrographs of
he 750 ◦C 10 h−1 calcined samples are presented in Fig. 11.
he powders are very fine in nature and consist of highly
gglomerated particles of 60–120 nm size for LSM1 and LSM2,
00–150 nm for LSM3, and 150–250 nm for LSM4.
.4. Densiﬁcation studies of calcined powder samplesA sintering or densification study was carried out on com-
act green samples in the temperature range 1200–1350 ◦C. The
ensification curves of 750 ◦C 10 h−1 and 900 ◦C 4 h−1 calcined
p
d
t
tig. 10. Particle-size distribution of 900 ◦C 4 h−1 calcined LSM powder sam-
les: (a) percent mass finer distribution; (b) mass frequency distribution.
amples are given in Figs. 12 and 13, respectively. Irrespective of
he calcination temperature, it is found that the powders derived
rom LSM1 and LSM2 batches are densified to more than 90%
t 1350 ◦C compared with LSM3 and LSM4 samples. In addi-
ion, a slow increase in the rate of densification is observed for
he LSM1 and LSM2 samples, while a linear change is shown
y the LSM3 and LSM4 (Fig. 12). On comparing the percentage
ensification at 1350 ◦C of the 750 ◦C 4 h−1 powder samples, a
aximum densification of 94.6% is achieved for the LSM1 sam-
le, whereas LSM3 has the lowest density of only 81.3%. The
verage agglomerate size (d50) and densification (%) at 1350 ◦C
f the different samples are compared in Table 2. It is seen that
ompacted bars of 750 ◦C 10 h−1 calcined powder are more den-
ified compared with 900 ◦C 4 h−1 calcined samples. This may
e due to the increased particle agglomeration and reduced reac-
ivity of the latter samples. These facts clearly suggest that the
ize and distribution of the particles are important parameters
n controlling the densification. Thus, a definite correlation is
btained between the concentration of the precursor solution,
he particle size and distribution of the precursor derived pow-
ers and the sinterability of the calcined powders.
Electrical and microstructural studies were performed only
n the sintered samples derived from the 750 ◦C 10 h−1 calcined
owders. The fracture surfaces of the 1350 ◦C sintered samples
eveloped from these powders are shown in Fig. 14. The sin-
ered ceramic derived from LSM1 shows minimum porosity and
he LSM4 has maximum porosity. The LSM1 sample indicates
84 A. Kumar et al. / Journal of Power Sources 161 (2006) 79–86
Fig. 11. SEM image of 750 ◦C 10 h calcined LSM.
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50 ◦C 4 h−1.
he presence of small intra-grain pores whereas LSM2 contains
arge intra-grain pores of different size ranges. The high relative
ensities (93% theoretical density) of LSM1 and LSM2 samples
esult in a rather small degree of porosity in these samples. It is
orth noting the well-connected smaller grains and elongated
p
e
e
a
able 2
omparative data of average particle size and percentage densification of La0.84Sr0.16
atch number Average particle size (d50) (m)
750 ◦C 10 h−1 (±0.3) 900 ◦C 4 h−1 (±
SM1 3.98 17.75
SM2 7.84 17.37
SM3 11.35 5.71
SM4 13.74 14.59ig. 13. The densification study of the samples of different batches calcined at
00 ◦C 4 h−1.
ntra-granular pores present in the LSM3 sample. Heterogeneous
ore distribution is more evident for the LSM4 sample as it
xhibits both inter-granular and intra-granular pores of differ-
nt types. This sample consists of relatively dense material and
reas containing large voids. A very low relative density (around
MnO3
Percentage densification at 1350 ◦C
0.3) 750 ◦C 10 h−1 (±0.3) 900 ◦C 4 h−1 (±0.3)
94.68 92.66
93.64 93.11
81.29 81.27
82.41 75.96
A. Kumar et al. / Journal of Power Sources 161 (2006) 79–86 85
s sintered at: (a) LSM1, (b) LSM2, (c) LSM3 and (d) LSM4.
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tFig. 14. Microstructure of 1350 ◦C 4 h−1 sintered sample
2%) and a highly porous microstructure is characteristic of the
SM3 sample. The microstructure exhibited by LSM3 sintered
eramic sample is that required for SOFC applications.
.5. Electrical conductivity
Electrical conductivity (σ) measurements were performed on
350 ◦C sintered bars derived from 750 ◦C calcined samples
nly. The temperature (T) dependence of the electrical conduc-
ivity of the 1350 ◦C sintered samples is shown in Fig. 15. The
og (σT) versus 1000/TArrhenius plot of all the samples exhibit a
inear dependence over a wide range of temperature. The slopes
f the plots for the LSM1 and LSM2 samples are almost iden-
ical, whereas for the other two samples the slopes appear to
e similar. It has been reported that such a linear dependence
s characteristic of a polaron-hopping transport mechanism [1].
he LSM1 sample exhibited the highest conductivity among the
our batches. The activation energy for hopping conduction was
alculated from the slopes of the Arrhenius plots and is tabulated
n Table 3 along with the conductivity at 1000 ◦C. The observed
ctivation energy is slightly higher than the value reported for
he 1500 ◦C sintered LSM sample that is around 0.96 eV. The
able 3
onductivity and manganese concentrations of different batches of La0.84Sr0.16MnO
atch number Mn4+/Mn (750 ◦C 10 h−1) Mn4+/Mn (1350 ◦C 4 h−1) (σ)
SM1 43 42 169
SM2 43 42 168
SM3 42 42 136
SM4 42 42 146
r
t
a
iFig. 15. log(σT) vs. 1000/T plot of sintered LSM samples.
ighly sintered samples (LSM1 and LSM2) have a bulk conduc-
ivity of around 169 S cm−1, which is very close to what has been3
at 1000 ◦C (S cm−1) (σcorr) 1000 ◦C (S cm−1) Activation energy (eV)
.55 177.44 0.106
.84 178.10 0.107
.93 156.00 0.109
.43 166.03 0.100
eported for La0.84 Sr0.16MnO3 sintered ceramics [7]. Although,
he sintered ceramics contain pores of different sizes and shapes,
linear change of conductivity with density is observed and this
ndicates a definite correlation between porosity and conductiv-
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ty. In order to correlate the actual porosity/pore fraction present
n the sintered ceramic with the bulk conductivity the following
orrection was introduced and the corrected conductivity (σcorr)
alues are given in Table 3 [25].
corr = σp
[
1 + f(1 + f 2/3)
]
(2)
here ‘σp’ is the measured conductivity and f represents the
ore fraction, which is given by:
= 1 − dp
dx
(3)
here dp is the measured density and dx is the crystallographic
ensity of LSM (6.571 g cm−3). The difference in the σcorr val-
es for different samples implies that in addition to porosity,
here are other factors that control the conductivity of the sin-
ered ceramics.
The amount of Mn4+ formed by Sr-substitution is another
actor that determines the bulk conductivity in these materials.
n order to correlate the conductivity data with the amount of
n4+ formed, Mn estimation was carried out titrimetrically. The
atio of Mn4+ to total Mn present is shown in Table 3. The Mn4+
ontent is expected to be lower at higher sintering temperature.
nterestingly, the amount of Mn4+ is found to be the same and
oes not vary with either the precursor concentration or the sin-
ering temperature. Thus, the observed variation in conductivity
s attributed to the porosity present in the sintered materials and
s not related to only the Mn4+ concentration. If Mn4+ is the
ole deciding factor, then the corrected conductivity should have
een the same for all the samples irrespective of the porosity
resent. Again, in spite of having a very close average pore frac-
ion, the σcorr values of the LSM3 and LSM4 samples display a
arge difference in the conductivity. This difference is attributed
o the peculiar microstructure of the LSM3 sintered ceramic,
hich has a large number of smaller elongated pores com-
ared with the LSM4 sample that has a lower number of larger
ores [26,27].
. Conclusions
The effect of variation of metal ion concentration in the
itrate–nitrate precursor solution indicates that up to a metal ion
oncentration of 0.85, the temperature of decomposition remains
lmost identical and results in less agglomerated calcined pow-
er samples. The high relative densities (93% theoretical den-
ity) of the LSM1 and LSM2 samples result in a rather small
egree of porosity. Such powders can be sintered to more than
3% at 1350 ◦C and have electrical conductivities of around
68 S cm−1 at 1000 ◦C. The relatively high density of the LSM1
nd LSM2 samples can be ascribed to the reduced agglomerate
ize of the 750 ◦C calcined powder samples. The Mn4+ content
[
[
[
[Sources 161 (2006) 79–86
n all the samples is found to be of the same order. Thus, sintered
a0.84Sr0.16MnO3 ceramics of relative density around 93% can
e produced by keeping the metal ion concentration in the pre-
ursor to less than 0.8 M. To make porous ceramics (relative
ensities of 75–80%), a higher metal ion concentration of more
han 0.8 M is preferred.
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